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Introduction
In room temperature liquid, one in 6·10 8 water molecules is autoionized, yielding the standard value of pH = 7. Autoionization in crystal ice should be less favourable, since, in contrast to water, ice is a very poor solvent of ionic and polar substances (1) . As recently realized (2) (3) (4) (5) , chemistry and composition of aqueous surfaces is quite distinct from that of the bulk, therefore, autoionization behaviour should be re-examined at the surface.
A number of recent computations (6) (7) (8) indicated preference of hydronium cations for surface positions. Surface propensity of H 3 O + was also deduced from vibrational spectroscopy of large protonated water clusters (6) , as well as vibrational sum frequency generation (VSFG) (8, 9) and second harmonic generation (SHG) (10) spectroscopic experiments probing extended aqueous interfaces. Interestingly, zeta potential measurements and titration experiments on oil droplets dispersed in water indicated the presence of negative charges at the interface, interpreted as adsorbed OH -ions (11) .
Similar conclusions have also been drawn from zeta potentials of air bubbles in water (12) . More work is clearly needed to reconcile this apparent discord between predictions of surface selective spectroscopies and molecular simulations on one side and electrochemical measurements on the other side. To assess more quantitatively the extent of this stabilization, ab initio techniques were applied to calculate the energy of a protonated water cluster (H 2 O) 48 H + with the proton either at the surface or in the interior. At this size, fairly accurate electronic 5 structure calculations can be made for the system energetics. The calculations indicated substantial energy lowering upon proton transfer from the interior to the surface of the cluster. However, behavior of an aqueous solution is ultimately determined by the free energy (rather than the energy) difference between the interior and the surface ion states.
Calculations of the free energy differences ( ∆G sb ) between these states are feasible only with empirical potentials. Such calculations were performed in the third part of the study, for aqueous solutions in slab geometry of protonated-water ions in the two limiting forms (hydronium and Zundel), and of the hydroxide ion. Polarizable potentials were employed, which were calibrated against cluster ab initio data. In this part, the use of potential models which do not include proton tranfer is reasonable since a thermodynamic rather than a dynamic quality is calculated. The resulting ∆G sb values were consistent with enhanced acidity of the neat water surface, due to proton preference for the surface, and lack thereof for the hydroxide. The different computations are described in more detail below.
On-the-fly dynamics: NVT classical trajectories were evaluated at 270 K. The nuclei moved on the Born-Oppenheimer potential energy surface, which was calculated at each time step at the BLYP/DZVP level of the density functional theory (DFT).
CP2K/QUICKSTEP package was employed (14) ; see caption of Fig. 1 was simulated in an 11 Å thick water slab containing 71 water molecules. Throughout a 2.5 picosecond simulation, the cation remained at the surface. In a similar simulation, the anion underwent initially several quick proton transfer cycles between the surface and the interior, but after 0.3 ps settled in the interior of the slab for the remainder of the simulation. The latter result is consistent with recent SFG data and simulations employing an empirical potential, which indicated lack of surface preference for hydroxide (8, 9) . and also due to the limited accuracy of the DFT/BLYP method. However one may note the qualitative difference with respect to a bulk on-the-fly simulation, employing cubic three-dimensional periodic boundaries, for which the energy of the autoionized system clearly exceeded the energy of the neutral one ( Fig. 1(B) ). Note in Fig. 1 (B) that the drop in potential energy is delayed by 1 ps with respect to recombination, marked by the arrow, since the surrounding water molecules need some time to relax to the new environment of the recombined ion pair. The above on-the-fly results are consistent with preference of protonated water for surface sites, and suggest reduced endothermicity of autionization at the liquid surface due to surface stabilization of the cation.
Search for low energy structures of the (H 2 O) 48 H + cluster:
Since OH -does not display surface preference, the crucial quantity for the present argument is the free energy lowering as the proton is moved from the H 2 O bulk to the surface. The main contribution is expected to originate from the energy change due to surface stabilization of the proton.
To estimate the energy change, a search was made for low energy structures of a protonated water cluster (H 2 O) 48 H + , with the proton either on the surface or in the interior. At this size, B3LYP calculations can be made of the system energetics. B3LYP
method is expected to yield much more accurate energy values than BLYP used in the slab and bulk calculations; as a matter of fact, this method benchmarked very well against more accurate ab initio calculations for autoionization in the water octamer (15).
The initial search for low energy cluster structures employed a molecular dynamics-based method described in Ref. 16 . NVE trajectories lasting several nanoseconds were run for the cluster at a mean temperature of ~200 K. At this stage, the calculation employed a non-polarizable empirical potential for the hydronium-water system (8) . Trajectory structures were minimized every 5 ps. A bank of ~1200 perspective minima was thus obtained, with the hydronium either at the cluster surface, or in the interior. The energies of the minima were then recalculated at the BLYP/DZVP level, following a single minimization step. Ten thus-obtained lowest energy structures of each kind (i.e., with the proton at the surface or in the bulk) were subjected to full minimization at the BLYP/DZVP level. The final energies were then recalculated at the B3LYP level. The average energy difference between the 10 lowest energy minima with the proton in the interior and the 10 lowest energy minima with the proton at the surface was 8.7 kcal/mol and 10.5 kcal/mol, for B3LYP and BLYP, respectively. Three of the lowest energy minima of each kind were furthermore fully reoptimized at the B3LYP Ultimately, the ability to monitor the exchange rates is based on distinct spectroscopic signatures of isotopically isolated D 2 O and HDO (Fig. 3) . Upon passage of a mobile proton defect, an isolated D 2 O is converted to an HDO neighbour pair, and subsequently, through successive molecular-turn and proton-hop steps, to isolated HDO (1, 17) ). (symmetric stretch -2370 cm -1 ; asymmetric stretch -2447 cm -1 ) and isolated HDO (2420 cm -1 ) within ice has been thoroughly documented (1, 17) .
Similarly, surface free-OH and free-OD stretch bands have been studied in detail (22) and used by us and others in numerous investigations of ice surface adsorbates. In particular, the two free-OD surface bands (left panel, Fig. 3 Fig. 4 ).
Results: Isotopic exchange in the ice nanocrystal interior occurs on the time scale of minutes to hours in the 150 -130 K range, much as observed for thick ice films (17, 18).
On the surface, the relative initial rate is ~20 times faster, as deduced from data such as in Fig. 3 and 4 . In the example of . This result, typical of kinetic runs for numerous aerosols of "pure" ice nanocrystals, suggests a ratio of 22 for the respective rates. However, initial results, for the temperature dependence of the surface exchange rates, point to an activation energy of 5 kcal/mol which can be contrasted with a value of ~9 kcal/mol reported for H-D exchange within micron-thick ice films (1, 17) . Thus the ratio of rates, surface-to-interior, are expected to decrease with increasing temperature.
The ~20 ratio of surface-to-interior exchange rates indicates enhanced proton concentration at the surface and/or enhanced mobility at the surface. We shall argue here in favour of the first possibility. As noted above, ice nanocrystals were shown in the past to have disordered surfaces (22) , and one expects lower mobility in the disordered medium (surface) than in the crystal one (interior). For example, it has been established that no proton transfer occurs in pure compacted amorphous ice below 140K, and that, relative to crystalline ice, a greater abundance of injected protons is required to induce H-D exchange at ~120K (24) . Because of the surface and subsurface disorder, protonated H 2 O configurations there should be similar to those in amorphous ice, liquid water, and the amorphous (H 2 O) 48 H + cluster. On the other hand, proton transfer from the surface to the crystalline bulk is expected to be more endothermic than for the liquid, since, in contrast to water, crystal ice is a very poor solvent (1, 25) . Further, one may note past computational results favoring a greater surface than bulk proton concentration, which showed that the O..H interaction between hydronium embedded in ice, and the protondonating neighbor water molecule is repulsive (26) .
The effect of surface impurities on the relative isotopic exchange rates is revealing. 20% of a surface monolayer (ML) of H 2 S enhances both the surface and interior exchange rate by only a factor ~2.5. Thus at the surface the autoionization constant of water is of the same order of magnitude as K a of H 2 S, which is a weak acid.
On the other hand, paralleling reports for thick ice films (21), a small amount of NH 3 adsorbate (< 1% of an ML) stops the isotopic exchange altogether on the time scale of the experiment (~1/2 hour), evidently due to proton trapping by the base. The exchange in the interior resumes when the ammonia coverage is increased to beyond 10% of an ML and, with coverage >50% of an ML, the rate exceeds that of pure ice. However, now the 13 surface exchange rate is no longer enhanced with respect to the interior. The larger amounts of ammonia generate sufficient OH -so that isotopic exchange takes place despite its reduced mobility with respect to the proton (21).
Due to the poor solvation properties of crystal ice, one still expects OH -to spend most of the time in non-crystalline portions of the particle. In characterization of the structures of ice nanoparticles, it has been noted that there exists a significantly distorted surface and subsurface region with a thickness of ~1 nm (see, for example, pages 400 -
of ref 22)
. The computational results suggest that OH -favours the subsurface region rather than surface sites. Accordingly, the exchange induced by a large amount of NH 3 does not display any isotopic exchange enhancement of the surface, with respect to the bulk, in contrast to the pure H 2 O nanoparticles. Acidity of the nanocrystal surface is a combined outcome of surface sites for the protons and subsurface sites for OH -.
Considering that the subsurface region differs from both the surface and the interior of the nanocrystals, it is likely that the exchange rates of that region are also unique. Kang et al have reported reactive-ion-scattering data that are consistent with a greater exchange rate in the subsurface of amorphous ice films than for the bulk (19) .
Since the nanocrystal subsurface has a distinct infrared spectrum ( 
Conclusions
Based on molecular computational and experimental evidence we have shown that the surface of neat water is acidic with pH lower than 4.8 due to a significant surface propensity of hydronium (but not hydroxide) ions. By argument analogous to our results for neat water, weak acid solutions can display enhanced surface acidity, i.e., surface pH reduction by at least 2.2 units, corresponding to ∆G sb ≥ 3 kcal/mol of hydrated protons.
(Note that pKa of the acid is not necessarily reduced by the same extent, being affected additionally by ∆G sb values of the neutral acid, and of the negative ion (27) (28) (29) .) The case of carbonic acid is of particular interest. Under normal atmospheric conditions, bulk water exposed to the air acquires pH of 5.7 since some of the dissolved CO 2 gas undergoes a reaction CO 2 + 2 H 2 O → H 3 O + + HCO 3 -. At the surface, pH will be reduced more significantly than in the bulk, due to surface propensity of hydronium ions.
Enhanced acidity of water surface can have a significant impact on aqueous surface chemistry in natural atmospheric environments, cloud nucleation, thundercloud electrification, and electrochemistry (e.g., corrosion processes).
As noted in the Introduction, the present results are in contradiction with the microscopic interpretation proposed for macroscopic titration experiments and zeta potential measurements on oil emulsions and gas bubbles in water (11, 12) . These experiments indicated negatively charged surfaces. It was proposed that this effect is due to a substantial surface propensity of OH -and lack thereof for H 3 O + . The existing controversy between molecular simulations and spectroscopic experiments on one side and macroscopic measurements on the other side, which probably cannot be fully resolved at the moment, will be discussed in detail in our forthcoming review publication (30) .
Computational details
The ab initio molecular dynamics simulations employed an on-the-fly NVT code as implemented in the CP2K/QUICKSTEP package (14) . In the simulations with a single ion, one of the surface water molecules was converted Lines connecting data points are included as an aid to viewing. 
